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Highlights 
The vestibular system, which consists of semicircular canals and otolith, are the main 
sensors mammals use to perceive rotational and linear motions. Identifying the most 
suitable and consistent mathematical model of the vestibular system is important for 
research related to driving perception. An appropriate vestibular model is essential for 
implementation of the Motion Cueing Algorithm (MCA) for motion simulation purposes, 
because the quality of the MCA is directly dependent on the vestibular model used. In this 
review, the history and development process of otolith models are presented and analyzed. 
The otolith organs can detect linear acceleration and transmit information about sensed 
applied specific forces on the human body. The main purpose of this review is to determine 
the appropriate otolith models that agree with theoretical analyses and experimental results 
as well as provide reliable estimation for the vestibular system functions. Formulating and 
selecting the most appropriate mathematical model of the vestibular system is important to 
ensure successful human perception modelling and simulation when implementing the 
model into the MCA for motion analysis.  
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The vestibular system, which consists of semicircular canals and otolith, are the main sensors 
mammals use to perceive rotational and linear motions. Identifying the most suitable and 
consistent mathematical model of the vestibular system is important for research related to 
driving perception. An appropriate vestibular model is essential for implementation of the 
Motion Cueing Algorithm (MCA) for motion simulation purposes, because the quality of the 
MCA is directly dependent on the vestibular model used. In this review, the history and 
development process of otolith models are presented and analyzed. The otolith organs can detect 
linear acceleration and transmit information about sensed applied specific forces on the human 
body. The main purpose of this review is to determine the appropriate otolith models that agree 
with theoretical analyses and experimental results as well as provide reliable estimation for the 
vestibular system functions. Formulating and selecting the most appropriate mathematical model 
of the vestibular system is important to ensure successful human perception modelling and 
simulation when implementing the model into the MCA for motion analysis. 
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 1. Introduction 
The vestibular system is a human sensory system related 
to conscious perception and memory [1]. It consists of 
semicircular canals and otolith organs, and functions as the 
main sensor in mammals for perceiving rotational and 
linear motion. It is located at the petrous part of the 
temporal bone, in close proximity to the cochlea. 
Comparing with other senses, e.g. vision, touch, and 
audition, the vestibular system is an extremely quick sensor 
mammals use to generate reflexes to keep perceptual and 
postural stability [2]. In addition, it is the dominant source 
of information for human sensation pertaining to orientation 
and movement in space [3, 4]. The vestibular system plays 
a significant role in perceiving and sending motion 
information to the human brain. Its existence in driving 
perception is one of the important factors for influencing 
the perception of illusory self-tilt and illusory self-motion 
[5, 6]. It is a sensory and equilibrium system that can 
manage and control the human sense of balance and 
movement [7]. Therefore, the vestibular system helps keep 
and maintain our bodies’ orientation and posture for 
balancing purposes. It serves as the leading contributor  
pertaining to  spatial orientation for the purpose of 
coordinating movement [8]. This part of the sensory system 
detects information about movements that consist of 
accelerations and rotations applied to the human body in 
space [9, 10].   
Surveys of human movement sensorial models have been 
carried out for many years. Researchers have attempted to 
formulate the most accurate vestibular model that can sense 
force and rotation, similar to the real human sensorial 
system. The sensory system is incorporated in the human 
nervous system, and its function is to recognize external 
and internal stimuli to the human body [11]. Finding the 
most accurate mathematical otolith models as part of the 
vestibular system is very critical and challenging for 
researchers in different domains such as driving simulation, 
manual vehicle control, and Motion Cueing Algorithm 
(MCA) as well as researchers who utilize human sensory 
models in their engineering designs.  As an example, 
researchers in driving simulation domain who deal with 
signal processing and control systems are able to 
understand a simulator driver’s motion perception caused 
by motions and its influence on the driver’s tracking 
behaviour.  As such, formulating accurate mathematical 
models to describe the known control characteristics of the 
human operator otolith sensors and relating subjective 
perception of motions to objective motions is an important 
and challenging task. 
For determining the most suitable otolith model, the 
mathematical models pertaining to dynamic functions of 
otolith organs and the relationship between subjective 
perception of motions and the acceleration should be 
studied. The experiments with respect to the capabilities of 
subjects in perceiving a variety of linear motions can 
provide useful data on dynamic characteristics of otolith 
organs. In addition, linear acceleration threshold 
measurements can supplement knowledge of otolith organs. 
Finding a suitable and consistent human perception 
operator model enables approximation of the functionality 
and sensation of the human vestibular system correctly. 
This has a significant effect in terms of implementing the 
resulting model into a MCA. MCA or washout filter 
algorithm is the procedure of transforming the acceleration 
and angular velocity of a simulated vehicle into driving 
simulator platform movement aiming to reproduce a high 
fidelity and realistic motion for the simulator driver within 
the simulator’s physical limitations [12-15]. The main 
advantage of recent MCAs is to take the human sensation 
into account in their designs. Therefore, the mathematical 
model of the vestibular system is considered in the MCA 
design process. 
It should be noted that the quality of the produced 
washout filter using the MCA directly depends on the 
underlying mathematical model of the vestibular system 
[16-18]. Therefore, integrating an accurate vestibular model 
into the MCA of driving simulator can produce better and 
more realistic results. In addition, mathematical models of 
semicircular canals and otolith organs are essential to 
realize, describe, and analyse the behaviour and 
functionality of the vestibular system under extreme 
circumstances [19]. 
The vestibular system comprises two organs: the 
semicircular canals that can detect rotational movements 
and otolith which perceive linear accelerations. Figure 1 
shows the vestibulum inside the inner ear.  
The otolith organs can detect linear acceleration and 
motion. It transmits information in regard to sensed applied 
specific forces on the human body, responding to linear 
acceleration or tilting of the head, with consideration of the 
gravity vector. However, it cannot differentiate translational 
acceleration from gravity or tilt [20-22]. Therefore, when 
one starts walking forward or tilts his/her head backward, 
this action cannot be differentiated by the primary otolith 
afferents. The otolith in each human ear has two parts, i.e., 
Utricle and Saccule. They can perceive horizontal and 
vertical movements, respectively, as shown in Figure 1. In 
addition, utricle and saccule are responsible for equilibrium 
mechanism [23]. These two parts consist of an otolithic 
membrane that is set on a sensory cell base called the 
macula [24]. The macula allows a human to sense alteration 
in longitudinal acceleration as well as the gravitational 
effects.  The translational motion of the body and head 
leads to reflects of the otolithic membrane in the ear. It 
stimulates the sensory cells, and transmits information of 
the applied specific forces to the brain. Therefore, the 
otolith receptor organ, which consists of crystals floating in 
the endolymph, can sense and encode linear acceleration 
and head tilt. 
 Figure 1 . The vestibulum inside the inner ear [25]. It consists of the 
cochlea, semicircular canals and otolith.  The cochlea is shown pink that is 
the peripheral part of our auditory system. The three semicircular canals 
part is shown brown that can detect rotational motions. They are filled with 
liquid known as endolymph. The otolith organs which are shown in the 
blue and purple pouches are Utricle and the Saccule which can sense 
horizontal and vertical linear accelerations 
Habituation refers  to the decreased response with 
respect to  repeated exposure to angular or linear 
acceleration [26]. On the other hand, habituation can 
generally be related to the adaptation process to a new 
environment.  habituation or adaptation has been 
experienced for a long time at sea [27]. A human has the 
ability to recalibrate his/her balance system when 
information from different receptors does not correspond to 
each other.  Therefore, experienced drivers, pilots, skaters, 
and ballet dancers, learn to supress inappropriate vestibular 
responses [26].  Indeed, pilots increasingly build up their 
resistance to vestibular stimuli during flight training, as 
measured by clinical rotary tests, and this resistance is lost 
after a period away from flying.  In addition, it has been 
claimed that a prolonged exposure to hyper-gravity adapts 
the otolith organs, at least temporarily [26]. 
As mentioned earlier, a good vestibular model is 
important for the design of MCAs. Including an inaccurate 
vestibular system model in the optimal MCA has been 
recognised as a major problem [16, 28, 29]. A better 
approximation of human perception can give a more 
accurate optimal MCA with less sensation error and the 
best motion. In other words, the quality of the optimal 
washout filter directly depends on the vestibular model, 
because it is designed to respond as closely as possible to 
the human vestibular model used. Therefore, there is a need 
for identifying the most accurate vestibular model. 
Therefore, in this paper we survey different 
mathematical models of otolith in the literature. Significant 
developments of the otolith models are reviewed. Based on 
theoretical analyses and experimental results pertaining to 
physiology studies on otolith models, we aim to identify the 
best linear motion sensation model.  
The survey also compares and determines the most 
appropriate and consistent mathematical models of the 
otolith organ with respect to the experimental results and 
theoretical analyses. Mathematical models are provided to 
describe the identified control characteristics of the 
vestibular system, relating subjective perception of motion 
to the objective motion. The motion sensor of otolith is 
surveyed to determine its role in human dynamic space 
orientation. The most consistent and reliable model can be 
implemented into a MCA for improving the quality of 
motion generation.  
The mathematical models of otolith are presented in 
Section 2. A discussion on the mathematical models is 
provided in Section 3. Remarks pertaining to the review of 
mathematical models of otolith are provided in Section 4. 
2. Mathematical Modelling of Otolith Organs 
Otolith is part of the vestibular system that acts as a 
sensor for detecting linear motion in mammals. Otolith can 
sense specific forces in response to linear acceleration or 
tilting of the head with consideration of the gravitational 
vector. Therefore, specific forces as a result of moving up 
and down (heaving); left and right (swaying), or forward 
and backward (surging) can be detected. Modelling of 
sensation pertaining to specific forces in response to 
translational acceleration and tilting cues has been 
investigated by many researchers. The experiments on the 
capabilities of subjects to perceive a variety of linear 
motions provide useful data with respect to the dynamic 
characteristics of otolith organs. Mathematical models have 
been presented to describe the known control characteristics 
of otolith sensors, relating subjective perception of motion 
to objective motion of a vehicle or simulator platform. 
For describing the mathematical models, transfer 
functions of a system are provided. A transfer function is 
the ratio of Laplace transform of the output signal to the 
input signal with zero initial conditions. It should be noted 
that a transfer function is denoted with the Laplace variable 
of 𝑠  (Laplace domain) in the provided models. Laplace 
transformation is a widely used technique in engineering, 
especially in control systems and signal processing, as well 
as other technical domains.    
Meiry [20] conducted the first study on the dynamic 
model of sensation responding to a time-varying specific 
force. The study employed a cart to generate the 
longitudinal sinusoidal motion and measured the subjective 
indication of direction. Through this, he was able to specify 
phase dependence on stimulus frequency. The otolith 
responses along the x and z axes were analysed by putting a 
subject in the seated point of a cart that could be moved in 
the horizontal plane. The research was supported by a grant 
from NASA. Meiry provided a linear transfer function that 
could relate sensed velocity, ?̂?, to actual velocity, 𝑣, as in 
Equation (1) by assuming that the subjects were shown the 
sign of the perceived velocity, 
   
?̂?
𝑣
 =   
𝐾𝜏𝐿 𝑠
(𝜏𝐿𝑠+1)(𝜏𝑠𝑠+1)
 (1) 
The long and short time constants, 𝜏𝐿 and 𝜏𝑠, were 
determined as 10 seconds and 0.66 seconds, respectively. 
Gain 𝐾 was not determined because amplitude 
measurements were not taken.  The model had a similar 
structure to the torsion pendulum of semicircular canals.  
A torsion pendulum with a high degree of damping and 
with specified parameters was selected by Van Egmond, et 
al. [30] as a substitution model for the semicircular canal 
with its cupula-endolymph system. The semicircular model 
that is based on the torsion pendulum is represented in 
Equation (2).  It is a combination of two first-order systems 
that relates the angle of cupula deflection, δ, to the head 
angular velocity, ω, i.e., 
𝛿
𝜔
 = 
𝐾𝑠
(𝜏1𝑠+1)(𝜏2𝑠+1)
 (2) 
where 𝜏1 is a long time constant and 𝜏2 is a short time 
constant. 
In this model, it is assumed that the angular velocity 
sensation, ?̂?, of the semicircular canals that is sensed by the 
human is proportional to the cupula deflection, δ, while the 
input head angular velocity is ω.  The psychophysical test 
of velocity sensation can be performed to identify the 
model parameters, and Equation (2) can be rewritten as 
Equation (3) 
?̂?
𝜔
 = 
𝜏𝐿 𝑠
(𝜏𝐿𝑠+1)(𝜏𝑠𝑠+1)
 (3) 
The time constants in this model were specified by Van 
Egmond et al. [30] as a long time constant, 𝜏𝐿, and a short 
time constant, 𝜏𝑠, around 10 𝑠𝑒𝑐, and 0.1 sec respectively 
for men. Both values were determined based on the 
subjective verbal response of well-trained subjects after 
experiencing carefully chosen motion inputs in a rotating 
chair and a torsion swing. 
Peters [31] surveyed extensively the vestibular system, 
and revealed that the only appropriate linear motion 
sensation model was the one provided by Meiry [20]. Peters 
[31] suggested that the subjective response measured in the 
test by Meiry [20] was sensed acceleration but not velocity. 
He stated that in response to an acceleration step, the model 
predicted a subjective acceleration sensation (𝑠?̂?) which 
decayed to zero with a 10 second time constant. A step 
change in the tilt angle could not affect the perceived tilt 
angle by decaying it to zero. Unlike Meiry [20], Peters [31] 
showed that the output should be sensed acceleration ?̂?, 
rather than sensed velocity, ?̂?.  This is shown in Figure 2. It 
should be noted that 𝑔 is acceleration due to gravity and 𝜃 
is the tilt angle. 
Figure 2. Perceptual equivalence of tilt and linear acceleration [32] 
Peters [31] assumed sensation to be one of the 
accelerations, and the model by Meiry [20] was still 
appropriate. Therefore, he formulated the transfer function 
in Equation (4), which involved perceived acceleration to 
actual acceleration. The long time constant and short time 
constant were 10 seconds and 0.66 seconds, respectively. 
The model was appropriate for sensed tilt and actual tilt; 
however it might not be suitable for envisaging sensed 
translational velocity. The transfer function is  
?̂?
𝑎
 =   
1
(𝜏𝐿𝑠+1)(𝜏𝑠𝑠+1)
 (4) 
Ringland and Stapleford [33] conducted two 
experimental studies on the effect of motion cues on 
manual tracking tasks. The data from the first experiment 
showed the dominant motion feedback quantity to be the 
angular velocity. In their second experiment, they 
appropriately estimated the performance trends with the 
configuration change and motion conditions to be achieved 
by utilizing a multi-modality pilot model with adjustments 
for scanning the workload. Their experiments also included 
functional data and driver opinions, indicating the angular 
position to be the dominant cue in the absence of the 
simulator’s linear motion. 
Ringland and Stapleford [33] presented a simplified 
human perceptual model according to the mathematical 
model of Peters [31] by ignoring the low frequency lag and 
lead parts, on the basis of anticipated vehicle motion 
frequencies from the experiments. In addition, the threshold 
function was not included with respect to typical vehicle 
motion amplitudes because the threshold unit was small. 
The resulting low-pass filter only kept the lag time constant 
of the original model, as shown in Equation (5) 
?̂?
𝑎
 =   
1
(τs+1)
     , when   𝜏 = 0.67 𝑠𝑒𝑐 (5) 
The threshold element was ignored, as shown in the 
model of the utricular in Figure 3. The data pertaining to the 
possible pilot equalization forms and net lag were 
enormously sparse, as shown in the second block of Figure 
3. 
 
Figure 3. A model of the Utricular path 
According to the experimental results, while the model 
of Meiry [20] could be accepted for predicting the phase of 
the perceived velocity for lateral fluctuation and the time to 
detect motion of constant acceleration, the model was not 
successful for predicting the otolith organs’ response with 
respect to sustained tilt angle, as indicated by the 
experimental  data.  
The model agreed with dynamic counter rolling data at 
high frequencies. However,  the experiment related to 
counter-rolling at zero frequency indicated a static element 
of the otolith organs’ output without having a phase lag [20, 
32, 34]. Therefore, Meiry and Young [34] provided a 
modified mathematical otolith model for sensing linear 
𝜃  
?̂? 
Otolith 
1
𝑔
 𝑠𝑖𝑛−1(   ) Tilt     𝑔sin 𝜃 
Acceleration    
a 
Pilot’s 
Output 
Linear 
Acceleration 
Subjective 
Acceleration 
𝜏6 = 0.67 sec 
𝐾1
𝜏7𝑠+1
(𝜏8𝑠+1)
 𝑒−𝜏2𝑠    
1
(𝜏6𝑠+1)
   
𝐾1   Adjustable 
𝜏7    Adjustable 
𝜏8    Adjustable 
𝜏2 = 0.3 sec 
acceleration that could solve this problem, as well as for 
sensing tilt based on a summary from [20, 32]. In the 
modified mathematical otolith model, a ‘’neural processing 
term’’ of lead operator, i.e., 1+ 𝜏𝑎s, was used to describe 
the transfer of statoconia displacement to the afferent 
output, in order to improve the experimental results. The 
neural processing term was almost the same as the lead 
term associated with the semicircular canals. In addition, 
the applied long time constant was decreased to 5.33 
seconds in the model.  Therefore, by decreasing the applied 
long time constant and including the neural processing 
term, they could model successfully both sensed tilt and 
linear velocity in response to a linear acceleration input. 
The proposed model for subjective specific force sensation 
could be applied to the vertical axis (heave), sagittal axis 
(surge), and lateral axis (sway). The transfer function is 
provided in Equations (6) and (7). The modified transfer 
function of the otolith model for specific force sensation 
and for the linear part was proposed in the modified otolith 
model shown in Figure 4. The frequency response of this 
model is shown in Figure 5.  Meiry and Young [34] argued 
that this revised model could be applied as a velocity 
transducer over the frequency range of normal head 
movements, 0.19 𝑟𝑎𝑑/𝑠𝑒𝑐 to 1.5 𝑟𝑎𝑑/𝑠𝑒𝑐, and with the 
static sensitivity of 0.4 in the transfer function from specific 
force to perceived tilt or lateral acceleration. This revised 
model assumed the same acceleration sensation with that of 
the tilt motion. 
?̂?
𝑓
 =   
𝐾  (1+ 𝜏𝑎𝑠 )
(𝜏𝐿𝑠+1)(𝜏𝑠𝑠+1)
 (6) 
?̂?
𝑓
 =   
0.4  (13.2 𝑠+1 )
(5.33 𝑠+1)(0.66 𝑠+1)
 (7) 
where 𝑓 is the stimulus of the specific force and 𝑓 is sensed 
specific force along each axis. 
 
 
Figure 4. Meiry and Young modified Dynamic Otolith Model [34] 
 
Figure 5. Modulus and phase angle of the revised otolith model 
There was a difference between the dynamic of otolith 
transduction and acceleration or tilt sensation. However, the 
model was not adequate because it was not easy to justify 
the experimentally derived model using psychophysical 
measurements. 
Zacharias [32] argued that a lumped parameter model of 
otolith could be used to correspond to the two lag time 
constants, which was similar to the torsion pendulum model 
for the semicircular canals.  
Meiry and Young [34] considered a threshold in their 
final revised otolith model to improve sensing of specific 
forces by humans. Their revised otolith model is shown in 
Figure 6. Their model consisted of three blocks. The first 
block represented the actual mechanical behaviour of 
otolith, and its output constituted the displacement of 
otolith with respect to the macula. The middle block was 
the acceleration threshold; which could be a velocity 
threshold. The third block showed a neural processing term 
comprising the first order lead operator. The latency time 
with respect to the otolith model prediction for a constant 
linear acceleration is shown in Figure 7. 
 
Figure 6. The revised nonlinear model of otolith [34] 
 
Figure 7. Latency for perceiving of a constant linear acceleration: Model 
and experiment from Meiry and Young [34] 
As mentioned earlier, some studies were conducted to 
formulate the revised transfer function and parameters of 
the otolith model [20, 31, 32, 34]. In Meiry [20], the otolith 
responses along the x and z axes were investigated. 
According to the previous studies, the parameters of the 
specific force sensation model were produced based on 
Meiry and Young [34]. The same set of parameters was 
used for all three axes, and they were summarized in 
Zacharias [32]. The parameters of the specific force 
sensation model are listed in Table 1.  
Based on the revised linear and nonlinear otolith models 
of Meiry and Young [34], correct zero frequency sensitivity 
and phase could be achieved. In addition, the results were 
supported by the latest data made available on the phase lag 
?̂?   Perceived 
velocity 
?̂?   Perceived 
acceleration or tilt 
angle 
f specific force 
or tilt 
𝟎.𝟒  (𝟏𝟑.𝟐 𝒔+ 𝟏 )
(𝟓.𝟑𝟑 𝒔 + 𝟏)(𝟎.𝟔𝟔 𝒔+ 𝟏)
 
 
1
𝑠
 
𝒇   perceived 
acceleration 
or tilt 
 (𝒔+ 𝝉𝒂
−𝟏 ) 
Neural 
Processing  
 D 
 
d  otolith 
displacement 
 
f 
specific 
force 
or tilt 
 
𝒇 
𝒇
 =   
𝑲  𝝉𝒂  𝝉𝑳
−𝟏𝝉𝒔
−𝟏
 𝒔+𝝉𝑳−𝟏 (𝒔+𝝉𝒔−𝟏)
 
 
Mechanical 
Threshold  
Mechanical Model 
of Otolith 
Accelerometer 
associated with counter rolling eye movements. Therefore, 
the revised model by Meiry and Young constituted an 
appropriate and practical model that could be used for 
physical simulation of the vestibular system. However, 
there was a discrepancy between the transducer response 
and the time course of subjective sensation. 
Table 1. Parameters of the specific force sensation model based on Meiry 
and Young [34] as they are summarized in [32] 
 Surge 
(along x-axis) 
Sway 
(along y-axis) 
Heave 
(along z-axis) 
𝝉𝟏 (𝝉𝑳)    (𝒔𝒆𝒄) 5.3 5.33 5.33 
𝝉𝟐 (𝝉𝑺)    (𝒔𝒆𝒄) 0.66 0.66 0.66 
𝝉𝒂           (𝒔𝒆𝒄) 13.2 13.2 13.2 
𝑲 0.4 0.4 0.4 
𝒅𝑻𝑯  (m/𝒔𝒆𝒄𝟐) 0.17 0.17 0.28 
 
Sivan et al [35] used the revised specific force sensation 
model and parameters of Meiry and Young [34] for the first 
time in designing an optimal MCA. Reid and Nahon [36] 
used the resulting model as an otolith transfer function for 
implementation in a MCA.  
The reduced order estimation can also be applied to the 
linearized model of the vestibular system (by omitting the 
threshold) owing to the decrease in the real time computing 
load produced by the optimal controller. The resulting 
transfer function of otolith for sensing specific forces and 
linear motion is shown in Equation (8) 
?̂?
𝑓
 =   
𝐺0  (𝑠+ 𝐴0 )
(𝑠+𝐵0)
 (8) 
Ormsby [37] provided a linear perceptual model to show 
the difference between transduction and sensation. He 
proposed a lead-lag otolith transducer model that linked a 
specific force with a firing rate, as shown in Figure 8. It was 
a linear motion perception model. Ormsby [37] assumed 
white noise at the output of the transducer to the model 
threshold behaviour. He connected a Wiener-Hopf filter 
[38] to the transducer to improve prediction and perception 
of specific forces by generating and estimating a desired 
random process, therefore acting as a steady state optimal 
processor. Ormsby [37] indicated how the general 
transducer-estimator model of linear motion perception 
could be created to fit the subjective responses measured by 
Meiry [20], i.e., by determining the filter parameters 
properly. Overall, the input/output model of subjective 
sensation determined by a cascading transducer and 
estimator, as shown in Figure 9, was deemed equivalent to 
the model of Meiry and Young [34]. The subjective 
sensation of Ormsby’s  model [37] was similar to that of 
Meiry and Young [34], which could fit the same data using 
approximately the same coefficients.  
 
Figure 8. Linear Motion Perception Model [32, 37] 
 
 
 
Figure 9. Equivalent Input/output Model of subjective sensation 
After rearranging the terms and parameters, the otolith 
model for specific force perception is shown in Figure 10. 
In the model [37], 𝐴𝐹𝑅(𝑠) is the change in the afferent 
firing rate from the resting discharge and parameters F, G, 
and 𝐾𝑜 are nonlinear functions of independent variables A, 
B, and C, as used in 𝐻𝑜(s). A, B, and C are the independent 
variables that form combined mechanical and afferent 
dynamics of the otolith organs. Note that 𝐻𝑜(s) is called the 
steady state optimal processor, which consists of the 
Wiener-Hopf equation. It could be connected to the 
transducer (including combined mechanical and afferent 
otolith dynamic) to improve perception of specific forces as 
well as to yield a prediction for the overall perceptual 
dynamic associated with otolith by generating and 
estimating a desired random process. Equations (7), (8), and 
(9) indicate 𝐻𝑜(s) and the otolith model for perceiving 
specific forces. 
𝐻𝑜(s)  = 𝐾𝑜
𝑠+𝐴
(𝑠+𝐹) (𝑠+𝐺)
 (9) 
𝐴𝐹𝑅 ( 𝑠 )
𝑓 (𝑠)
=  
𝐵𝑠 + (𝐵 + 𝐶)𝐴
𝑠 + 𝐴
 
(10) 
?̂?
𝑓
= 
𝐵𝑠+(𝐵+𝐶)𝐴
𝑠+𝐴
  .  𝐾𝑜
𝑠+𝐴
(𝑠+𝐹) (𝑠+𝐺)
 = B 𝐾𝑜 
(𝑠+
(𝐵+𝐶)𝐴
𝐵
)
(𝑠+𝐹) (𝑠+𝐺)
 
(11) 
Figure 10. Model of otolith specific force sensation according to Ormsby. 
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Fernandez, Goldberg and Abend [39] found that an 
average steady-state change in the afferent firing rate from 
utricle because of 1𝑔 step in a specific force to be 45 
impulse per second. Therefore, the first condition was 
B+C=45. The constant parameters were determined, as 
listed in Table 2. Based on  Table 2 and according to the 
otolith perception model of Ormsby [37] and Meiry and 
Young [34], the resulting model for the afferent responses 
and the transfer function of the otolith specific force 
sensation model given by Ormsby are in Equations (12) and 
(13) 
𝐴𝐹𝑅 ( 𝑠 )
𝑓 (𝑠)
=  90 
𝑠 + 0.1
𝑠 + 0.2
 
or         
𝐴𝐹𝑅 ( 𝑠 )
𝑓 (𝑠)
=  45 
10𝑠+1
5𝑠+1
 
(12) 
?̂?
𝑓
 = 0.911 
(𝑠+0.0988)
(𝑠+0.133) (𝑠+1.95)
 (13) 
Table 2. The model constant parameters values. 
Parameters Ormsby Meiry and Young 
A = 1 / 𝜏2
−1 0.2 - 
F = 1 / 𝜏3
−1 0.133 0.19 
G = 1 / 𝜏4
−1 1.95 1.5 
(𝐵+𝐶)𝐴
𝐵
 = 1 / 𝜏1
−1 0.0988 0.076 
B = 1 / 𝜏1
−1 91.1 - 
B 𝐾𝑜 0.911 1.5 
 
While it was reported that Ormsby’s model showed 
about 30% change from the approximate values specified 
by Meiry and Young, the proposed model could resolve 
inconsistency between high bandwidth transducer dynamics 
and low bandwidth perceptual dynamics. In addition, it 
demonstrated the possibility of using new prediction 
techniques to functionally model sensory processing, which 
was conducted successfully in an area with manual control. 
More significantly, transduction and estimation could be 
best treated as two separate processes. Finally, Ormsby [37] 
believed that the provided model was suitable for the 
available subjective data. It was known as a physiological 
structure of the sensor, and could estimate the afferent 
processes and the associated central processing well. 
Curry et al. [40] applied similar time constant parameters 
as those in Ormsby [37] in their otolith lead-lag sub-model 
of transducer dynamics for use in a model of human 
operator and pilot control. The model of pilot control 
performance was developed to account for the effects of 
motion cues, external cues, and external visual cues. The 
aim was to include motion cues by enhancing the controlled 
state vector with the dynamic description of the vestibular 
system. In their research, the noise signal ratio for the 
vestibular measurement was modeled according to the 
comparison of the predicted and experimental results. The 
same model was developed by Levison and Junker [41] for 
use in a human operator model. However, they neglected 
the transducer noise due to the smaller thresholds in 
comparison with the motion amplitudes incurred during 
tracking. 
Lowenstein and Roberts [42] stated that some special 
fibers in the macula of thornback ray fish reacted to applied 
static specific force of body, which could correspond to the 
rate of change of specific force. Lowenstein and Saunders 
[43] conducted some experiments on bullfrog for 
identifying the otolith transfer function. The result of the 
experiments is shown in Equation (14), in which an extra 
part that relates the effect of the rate of otolith displacement 
is included. 
H(s)=  
 𝑘1+𝑘2𝑠 
(𝑠+𝜔1)(𝑠+𝜔2)
  (14) 
This otolith model can be re-written based on the transfer 
function of Meiry and Young, as in Equation (15) 
H(s)=  𝐾′  
 1+𝜏𝑛
′𝑠
(1+𝜏1′𝑠)  (1+𝜏2′𝑠)
 (15) 
where 𝐾′ =
𝐾1
𝜔1𝜔2
   ,  𝜏𝑛
′ =  
𝐾2
𝐾1
   ,  𝜏1
′ =  
1
𝜔1
   ,  𝜏2
′ =  
1
𝜔2
 .   
The corner frequency, 𝜔2, was stated very high and 
above the bandwidth of normal head movements. 
Therefore, based on the provided equations, the term related 
to 𝜔2 was ignored. The final proposed transfer function is 
shown in Equation (16)  
H(s) =  𝐾′  
 1+𝜏𝑛
′𝑠
(1+𝜏1′𝑠)  
 (16) 
The resulting model was very similar to the revised 
otolith model by Meiry and Young [34], but with different 
parameters and dynamic behaviours. The model was also 
similar to those of Ormsby [37] and Mayne [44], which 
were based on the models in [42, 43]. 
Fernandez and Goldberg [45] examined the discharge of 
peripheral otolith neurons in a squirrel monkey when 
sinusoidal force variations were used as the input. The 
overall transfer function was estimated experimentally. The 
aim of their study was to characterize the response 
dynamics of both regular and irregular otolith neurons. 
Sufficiency of the dynamic formulation was investigated 
through comparison of the observed and predicted 
responses of neurons to force trapezoids. In their study, the 
gain curves for the regular units were flat and it had a small 
phase lead at low frequencies, and also a larger phase lag at 
higher frequencies. Sinusoidal gains and phase lead at high 
frequencies were larger for irregular units, and the disparity 
between different groups became more obvious. They 
stated that, on average, there was an 18-fold gain 
enhancement in irregular units, but with only a two-fold 
increase in regular units. The frequency responses of 
regular and irregular units could lead to the transfer 
function proposed by Fernandez and Goldberg [45], as in 
Equation (17) 
H(s) = 𝐾𝑂𝑇𝑂  
 1+𝑘𝐴𝜏𝐴𝑠 
1+𝜏𝐴𝑠
 
 1+𝑘𝑣 (𝜏𝑣𝑠)
𝑘𝑣
1+𝜏𝑀𝑠
 = 
𝐾𝑂𝑇𝑂 𝐻𝐴(𝑠)
𝐻𝑣(𝑠)
𝐻𝑀(𝑠)
 
(17) 
In this transfer function, 𝐻𝑣 is a velocity sensitive 
operator with a fractional exponent (𝑘𝑣< 1). This term 
corresponded to a simplified description of the second order 
mass-spring-dashpot characteristics. It also could represent 
the majority of gain increase and phase lead found in 
irregular units, in which the sensitivity of haircells to the 
rate of change of hairbendings was taken into account. The 
value of 𝑘𝑣, which was determined in 𝐻𝑣, could reflect the 
effectiveness of the lead operator, and was strongly linked 
to the slope of the gain curve. The term 𝐻𝐴 was determined 
according to the transfer function in Equation (17), which 
was an adaptation operator that produced a low frequency 
phase lead, and could enhance the gain from static or zero 
frequency to 0.006 Hz. Based on the study by Fernandez 
and Goldberg [45], 𝐻𝑀 was the first-order lag operator that 
could reflect the mechanics of the otolith displacement. 
This lag term accounted for the high frequency phase lag 
detected in regular units and for high frequency phase lead 
in irregular units. They were smaller than those estimated 
using only a fractional lead operator. Note that 𝐾𝑂𝑇𝑂 was 
specified as the static sensitivity in terms of the afferent 
firing rate per unit of acceleration, i.e., in units of impulses 
per second per 𝑔. 
Fernandez and Goldberg [45] estimated all the 
parameters of the proposed transfer function for regular and 
irregular units separately. They obtained almost similar 
results for various values of 𝜏𝑣. Therefore, based on their 
study, the median parameters of both regular and irregular 
units for 40 seconds and 𝜏𝑣  values are listed in Table 3.  
Table 3. Median parameters for regular and irregular units according to 
research by Fernandez and Goldberg [45]. 
Parameters 𝒌𝑨 𝒌𝒗 𝝉𝑨 𝝉𝑴 𝑲𝑶𝑻𝑶 
Regular 1.12 0.188 69 sec 16 msec 25.6  ips/ g 
Irregular 1.90 0.440 101 sec 9   msec 20.5  ips/ g 
A larger value of  𝑘𝑣 could reflect a greater sensitivity of 
irregular cells with respect to the rate of change of specific 
force. This proposed model was not easy to use because of 
the broken exponential power, 𝑘𝑣, in the  velocity sensitive 
operator, Hv, of the transfer function. 
An approximate solution to the response of the transfer 
function in Equation (17) with the fractional exponent could 
be determined through the function of fractional calculus, in 
order to provide a basic solution to its response that could 
be easily obtained [46].  
Hosman [47] stated that the fractional exponent models 
were not simple for implementation in MCAs because of 
the fractional exponent, 𝑘𝑣, in the lead term of the transfer 
function. He provided a simplified transfer function that 
was similar to those of Ormsby [37], Meiry and Young 
[34], and Grant and Best [48], but with different 
parameters. Equation (18) shows the simplified transfer 
function of Hosman  [47], 
𝐴𝐹𝑅 ( 𝑠 )
𝑓 (𝑠)
=  33.3 
(𝑠 + 1)
(0.5𝑠 + 1)(0.016𝑠 + 1)
 
(18) 
The gain parameters of Ormsby’s model [37] were two 
times higher than those of Fernandez and Goldberg [45], as 
shown in Table 3. Clearly, Hosman  [47] provided a lower 
magnitude gain in comparison with the gain terms applied 
by Ormsby [37]. The new gain terms could present an 
improved estimation for the responses from the model of 
Fernandez and Goldberg  [45]. These gains needed a long 
period step input for possible recognition in the steady state 
because of the adaptation mechanism in the model of 
Fernandez and Goldberg [45]. The short time constant, 𝜏2, 
determined by Hosman [47] was similar to the otolith 
mechanics time constant, 𝜏𝑀, of regular units by Fernandez 
and Goldberg [45] based on their median parameters, as 
shown in Table 3. 
Telban and Cardullo [21] applied the long and lead time 
constants of Ormsby’s model [37] and the short time 
constant and gain of Hosman’s model [47]. They provided a 
transfer function for the afferent otolith dynamics, as in 
Equation (19) 
𝐴𝐹𝑅 ( 𝑠 )
𝑓 (𝑠)
=  33.3 
(10𝑠 + 1)
(5𝑠 + 1)(0.016𝑠 + 1)
 
(19) 
The step responses for the previous afferent dynamics 
model for 1 second and 30 seconds were proposed by 
Telban and Cardullo [21]. The responses were compared 
with those of the model of Fernandez and Goldberg [45] 
with the regular and irregular unit parameters. A 
comparison of the afferent otolith model responses to a 1𝑔 
(9.81 𝑚/𝑠𝑒𝑐2) step input magnitude is shown in Figure 11. 
The onset for irregular units was faster than the proposed 
model [21], which was faster than the regular units. The 
steady state response of the irregular unit response was 
higher than that of the proposed model. The proposed 
model response was higher than the regular unit response, 
and approached the regular unit response for the provided 
time duration. According to Figure 11, the regular and 
irregular unit responses gradually approach their relevant 
gains. After 80 seconds, the irregular unit response declined 
to a value lower than that of the proposed model. The 
proposed model closely showed the population-dominant 
regular units with a quicker onset and greater steady state 
effects, which happened in less prevalent irregular units 
[21]. 
 
Figure 11. Comparison of afferent otolith models response to a 1g step 
input [21]. 
Therefore, based on this research and other studies that 
were surveyed and compared by Telban and Cardullo [21], 
they proposed a transfer function that could best perceive 
the specific force stimulus. Appropriate parameters were 
also proposed. The transfer function and its parameters are 
shown in Equation (20)  
𝑓 (𝑠)
𝑓 (𝑠)
=  𝐾𝑂𝑇𝑂  
(𝜏𝑙   𝑠 + 1)
(𝜏1𝑠 + 1)(𝜏2𝑠 + 1)
 
(20) 
where KOTO = 0.4 ,  𝜏1 = 5 sec, 𝜏2  = 0.016 sec, and 𝜏𝑙 = 10 
sec. 
For implementation into the optimal MCA, the 
parameters of the transfer function were rearranged. Telban 
and Cardullo [21] provided the transfer function in 
Equation (21) as an otolith transfer function to sense 
specific force. The specific force parameters are shown in 
Table 4. 
𝑓 (𝑠)
𝑓 (𝑠)
=  𝐾′𝑂𝑇𝑂   
(𝑠 + 𝐴0)
(𝑠 + 𝐵0)(𝑠 + 𝐵1)
 
(21) 
where 𝐴0 = 1/ 𝜏𝑙   , 𝐵0 = 1/ 𝜏1   , 𝐵1 = 1/ 𝜏2 , and  𝐾
′
𝑂𝑇𝑂 =  
𝐾𝑂𝑇𝑂 𝜏1𝜏2 / 𝜏𝑙 . 
In addition, 𝐺𝑂𝑇𝑂  was added to the transfer function as 
the linear acceleration threshold that scaled the response to 
threshold units. Therefore, they provided the transfer 
function of the sensed specific force, 𝑓, to the stimulus 
specific force, 𝑓, by the otolith model in Equation (22) 
𝑓 (𝑠)
𝑓 (𝑠)
=  𝐺𝑂𝑇𝑂   𝐾
′
𝑂𝑇𝑂
  
(𝑠 + 𝐴0)
(𝑠 + 𝐵0)(𝑠 + 𝐵1)
 
(22) 
Table 4. Specific force parameters value 
Otolith 
Parameter Surge Sway Heave 
Threshold (m/𝑠𝑒𝑐2) 0.17 0.17 0.28 
𝐴0 (𝑠𝑒𝑐
−1) 0.1 0.1 0.1 
𝐵0  (𝑠𝑒𝑐
−1) 0.2 0.2 0.2 
𝐵1 (𝑠𝑒𝑐
−1) 62.5 62.5  
𝐺𝑂𝑇𝑂 (Threshold Units ) 4.7059* B1 4.7059* B1 2.8571 
Reid and Nahon [36] presented and used the acceleration 
threshold values based on  Zacharias [32] and Meiry and 
Young [34].  Telban and Cardullo used the acceleration 
threshold  values used by Reid and Nahon [36] in their 
proposed otolith model. 
3. Discussion on Mathematical Models of Otolith 
Organs  
The mathematical models and parameters of otolith 
organs based on advanced vestibular studies are reviewed in 
this paper. A mathematical model provides a description of 
the identified control characteristics of the vestibular 
system, relating the perceived and actual motions. 
Mathematical models are important because they can 
describe the behavior of the vestibular system, and they can 
be used to produce MCAs for simulator modelling. In 
addition, the provided mathematical otolith models help 
researchers in the engineering domain to better understand a 
driver’s motion perception caused by actual motions in the 
real world and the corresponding influence on a driver’s 
tracking behaviours. Most of the mathematical models of 
otolith and time constant values surveyed in this paper are 
listed in Table 5. 
We have discussed the formulation process of the well-
known and well-accepted mathematical otolith models as 
well as the reasons for the modifications in Section 2 (in 
their related sections). Based on previous studies associated 
with specific force sensation models for determining a 
suitable dynamic model of specific force, a resolution of the 
acceleration versus velocity sensation is needed. Using the 
perceived velocity, instead of perceived acceleration, for 
modelling otolith is not enough. Extra filtering must be 
involved because the model cannot successfully predict the 
otolith’s response with respect to a sustained tilt angle, as 
indicated in earlier studies. Some studies surveyed the 
specification of the minimum detectable acceleration 
stimulus and measured the specific force thresholds in units 
of linear acceleration.  
The neural processing term in the otolith model is almost 
similar to the lead term model used in the semicircular 
canals. However, by adding it to the model for predicting 
the otolith’s response with respect to a sustained tilt angle, 
the problem pertaining to the otolith model could be solved, 
and it improved the experimental results. By decreasing the 
applied long time constant and including the neural 
processing term, both sensed tilt and linear velocity in 
response to a linear acceleration input could be modelled 
successfully. Therefore, the most suitable and reliable 
approximations to the otolith model consist of a neural 
processing term and long time constant. On the other hand, 
according to the description research in Section 2, and 
because of the normal human operator bandwidth 
limitations, the short time constant in the rotational motion 
sensation model is small, and can be neglected in some 
cases.  
   
Table 5. Mathematical Models of Otolith Organs and the related constant values. 
Authors  Mathematical Models of Otolith Organs Time constant values 
Meiry [20] ?̂?
𝑣
 =   
𝐾𝜏𝐿 𝑠
(𝜏𝐿𝑠+1)(𝜏𝑠𝑠+1)
 𝜏𝐿 = 10 𝑠𝑒𝑐 
𝜏𝑠 = 0.66 𝑠𝑒𝑐 
𝐾 gain has not been measured and determined. 
Meiry and 
Young [34]  
?̂?
𝑓
 =   
𝐾  (1+ 𝜏𝑎𝑠 )
(𝜏𝐿𝑠+1)(𝜏𝑠𝑠+1)
 
 
 
 
τL = 5.33 𝑠𝑒𝑐 
τs = 0.66 𝑠𝑒𝑐 
𝜏𝑎 = 13.2  𝑠𝑒𝑐 
𝐾 = 0.4 
Meiry and Young’s model time constant values are 
summarized in Table 1 [32] and Table 2 [37] 
Peteres [31]  ?̂?
𝑎
 =   
1
(𝜏𝐿𝑠+1)(𝜏𝑠𝑠+1)
 
 
𝜏𝐿 = 10 𝑠𝑒𝑐 
𝜏𝑠 = 0.66 𝑠𝑒𝑐 
This provided model can be appropriate for sensed 
tilt to actual tilt; however it might not be suitable 
for envisaging sensed translational velocity.   
Ringland and 
Stapleford [33]  
?̂?
𝑎
 =   
1
(𝜏𝑠+1)
      𝜏 = 0.67 s 
Ormsby [37]   ?̂?
𝑓
= 
𝐵𝑠+(𝐵+𝐶)𝐴
𝑆+𝐴
  .  𝐾𝑜
𝑠+𝐴
(𝑠+𝐹) (𝑠+𝐺)
 
= B 𝐾𝑜 
(𝑠+
(𝐵+𝐶)𝐴
𝐵
)
(𝑠+𝐹) (𝑠+𝐺)
 
𝐾1𝐾2   
  (𝜏1𝑠 + 1)
(𝜏3𝑠 + 1)(𝜏4𝑠 + 1)
 
Table 2 
Fernandez and 
Goldberg [45] 
H(s)= 𝐾𝑂𝑇𝑂  
 1+𝑘𝐴𝜏𝐴𝑠 
1+𝜏𝐴𝑠
 
 1+𝑘𝑣 (𝜏𝑣𝑠)
𝑘𝑣
1+𝜏𝑀𝑠
 = 
𝐾𝑂𝑇𝑂 𝐻𝐴(𝑠)
𝐻𝑣(𝑠)
𝐻𝑀(𝑠)
 
Table 3 
Hosman [47]  𝐴𝐹𝑅 ( 𝑠 )
𝑓 (𝑠)
=  𝑘 
(𝑠 + 𝜏𝑙 )
(𝜏1𝑠 + 1)(𝜏2𝑠 + 1)
 
 
𝐾 = 33.3 
 𝜏1 = 0.5 𝑠𝑒𝑐 
 𝜏2  = 0.016 𝑠𝑒𝑐 
 𝜏𝑙   = 1 𝑠𝑒𝑐 
Telban and  
Cardullo [21]  
𝑓 (𝑠)
𝑓 (𝑠)
=  𝐾𝑂𝑇𝑂  
(𝜏𝑙   𝑠 + 1)
(𝜏1𝑠 + 1)(𝜏2𝑠 + 1)
 
𝑓 (𝑠)
𝑓 (𝑠)
=  𝐾′𝑂𝑇𝑂   
(𝑠 + 𝐴0)
(𝑠 + 𝐵0)(𝑠 + 𝐵1)
 
𝑓 (𝑠)
𝑓 (𝑠)
=  𝐺𝑂𝑇𝑂 𝐾
′
𝑂𝑇𝑂   
(𝑠 + 𝐴0)
(𝑠 + 𝐵0)(𝑠 + 𝐵1)
 
𝐾𝑂𝑇𝑂 = 0.4  
 𝜏1 = 5 𝑠𝑒𝑐 
 𝜏2  = 0.016 𝑠𝑒𝑐 
 𝜏𝑙   = 10 𝑠𝑒𝑐 
𝐴0 = 1/ 𝜏𝑙 ,  𝐵0 = 1/ 𝜏1 , 
 𝐵1 = 1/ τ2 , 
 𝐾′𝑂𝑇𝑂 =  𝐾𝑂𝑇𝑂 𝜏1𝜏2 / 𝜏𝑙 
Table 4 
Figure 12 shows a comparison of the frequency 
response of the specific force sensation transfer 
functions of Telban and Cardullo [21], Meiry and 
Young [34], and Ormsby [37]. As mentioned before, 
Telban and Cardullo used the long and lead time 
constants of the Ormsby model and the short time 
constant and gain of the Hosman model for the 
afferent otolith dynamics transfer function. It can be 
observed that the gain and phase lag for the Meiry 
and Young model and the Ormsby model are at a 
lower frequency, as compared with those from the 
Telban and Cardullo model. This is because the 
magnitude of the short time constant for the Telban 
and Cardullo model (𝜏2= 0.016) is smaller than the 
short time constant of the models of Meiry-Young 
and Ormsby.  The gain parameter in the Telban and 
Cardullo model stays constant, with the phase close 
to zero degree in the range of normal head 
movements from 0.1 to 1.0 Hz. Therefore, the otolith 
model acts as a specific force transducer and a 
suitable sensor in the frequency range. It can be 
utilized to recognize tilt orientation with respect to 
local vertical, because this model responds to the 
gravitational vector alone when the translational 
inertial acceleration of the head is zero. As such, the 
Telban and Cardullo model [21] in the range of 
normal head movements acts as a good specific force 
sensor. 
Previous researches [16, 28, 49] confirmed and 
suggested to improve a MCA by using a more 
accurate and recent vestibular model such as Telban 
and Cardullo model in future MCA design 
procedures.
  
 
Figure 12. The frequency response of the specific force sensation transfer functions of Telban and Cardullo, Meiry and Young, and Ormsby 
model.
4.  Conclusion 
 
The aim of this paper is to present a review 
pertaining to existing research studies on 
mathematical models of otolith organs, in order to 
provide feasible mathematical otolith models.  A 
number of mathematical models are presented to 
describe the known control characteristics of the 
otolith sensors, relating subjective perception of 
motion to objective motion according to the 
conducted research studies. In this review, most of 
the important and well-known specific force 
sensation models (i.e., the otolith models) have been 
studied and analysed. In addition, the experimental 
parameters and results have been presented. The 
development process of the mathematic models of 
otolith has been surveyed in a step-by-step manner.  
The motion sensor of otolith in the vestibular system 
has been surveyed to determine its role in human 
dynamic space orientation, human sensation, and 
implementation into a MCA for generating more 
realistic motions. However, there are inconsistencies 
in previous mathematical models of otolith, some of 
them are suitable approximation of the rotational 
sensation and specific force sensation with almost the 
same results.  The Telban and Cardullo [21] model in 
the range of normal head movements acts as a good 
specific force sensor, and a reliable approximation to 
the functionality of the vestibular system.  
Specifically, Telban and Cardullo used the long and 
lead time constants of the Ormsby model and the 
short time constant and gain of the Hosman model for 
the afferent otolith dynamics transfer function. The 
most suitable and consistent human perception 
operator models based on previous studies can lead to 
approximation of the human vestibular system 
function and sensation correctly. It can be 
implemented into a MCA for further improvement as 
the quality of a MCA is directly dependent on the 
vestibular model [16, 28]. A MCA could be 
improved by using a more accurate and recent 
vestibular model such as the Telban and Cardullo 
model. In short, an appropriate human perception 
model can generate more realistic motions for MCAs. 
As the semicircular canals are the sensor part of 
the vestibular system for sensing rotational motions, 
finding the most accurate mathematical model of 
semicircular canals is important.  A review to identify 
the most consistent and reliable mathematical 
semicircular canals models that agree with theoretical 
analyses and experimental results based on existing 
studies is the next step in our research. 
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